The retention and release of total coliforms and Escherichia coli was investigated in hand-pumps removed from tubewells tapping a faecally contaminated aquifer in Matlab, Bangladesh, and from a new hand-pump deliberately spiked with E. coli. All hand-pumps were connected to reservoirs of sterile water and flushed. Faecal coliforms were observed in the discharge from all three of the previously used hand-pumps, at concentrations comparable to levels measured in discharge when they were attached to the tubewells. During daily flushing of one of the previously used hand-pumps, the concentration of total coliforms in the discharge remained relatively constant (≈10 3 MPN/100 mL).
INTRODUCTION
Hand-pumped tubewells offer affordable access to shallow groundwater and provide the main groundwater extraction technology for villages in many developing countries across Africa, Asia and the Pacific. The microbial quality of groundwater pumped from tubewells is usually better than in unprotected surface water, but in many cases well discharge may still contain significant levels of faecal indicator bacteria (FIB) such as faecal coliforms and contamination of the water used for periodic priming of the hand-pumps. Determining the route/pathways of contamination is important as they may differ greatly in terms of type and frequency of occurrence of disease-causing microorganisms (pathogens). Furthermore, the effectiveness of well disinfection methods, such as 'shock chlorination' (Luby et al. ) will likely vary depending on whether the contaminants are mainly in the pump, the well casing or the aquifer surrounding the well. The formation of biofilms within hand-pumps has previously been reported in relation to corrosion (Ibe et al. ). However, there remains a lack of data detailing the occurrence of coliforms in hand-pumps or the effectiveness of shock chlorination for removing these contaminants, both of which are addressed in this study.
Traditionally fabricated from cast iron and prone to rust, hand-pumps offer a large surface area which over time could The main objectives of this study were: (1) to evaluate the influence of pre-existing microbial reservoirs in tubewell hand-pumps on the occurrence of indicator bacteria (total coliforms and E. coli) in pumped water; and (2) to evaluate the effectiveness of shock chlorination to remove reservoirs of total coliforms from hand-pumps. Experiments were undertaken using three previously used hand-pumps taken from tubewells in rural Bangladesh, as part of an ongoing study of microbial groundwater quality (van Geen et al.
)
, and one new hand-pump. Owing to the large number of hand-pumps used for groundwater extraction across South and South-east Asia, the results of this study will have broad implications for the assessment of microbial water quality and investigations of microbial transport in aquifers in these regions.
MATERIALS AND METHODS

MPN analysis of faecal indicators
All groundwater samples were analysed for total coliforms and E. coli, using the MPN based Colilert™ assay (IDEXX Laboratories, Inc.). The presence of E. coli is assumed to be indicative of faecal contamination from a human or animal source and is used as a surrogate for pathogens.
Total coliforms are a general indicator of microbial groundwater quality, but are not considered a true indicator of faecal pollution (Payment & Locas ) . Assays were performed according to the manufacturer's instructions. Briefly, water samples (100 mL) were amended with reagent and gently mixed to dissolve the media.
The contents were transferred into sterile Quanti-Tray 2000 trays, heat sealed, and incubated at 35 ± 0.5 W C for 24 h. When necessary, dilution of the water samples with ultrapure water was carried out in order to avoid exceeding the maximum detection limit of the Colilert™ assay. In order to discount contamination during the assay, one negative control was analysed during each sampling period using bottled drinking water in Bangladesh and ultrapure water at Columbia University (US).
The negative control samples did not indicate the presence of total coliforms or E. coli (i.e. <1 organism per 100 mL). The MPN solution of Hurley & Roscoe () was used to determine an MPN/100 mL and respective 95% confidence intervals.
Field site hand-pump replacement Flushing experiments using previously used hand-pumps
Following hand-pump replacement, the three previously used hand-pumps were transported to the field laboratory, fitted with a new down pipe, and connected to a reservoir within 8 h (Figure 2(a) ). The reservoir contained 55 L of groundwater, obtained from a tubewell adjacent to the field laboratory, which had been filter sterilized (0.2 μm nitrocellulose filter, Cole-Parmer) and was determined to be free (<1 organism/100 mL) of total coliforms and E. coli.
Water was pumped from the reservoirs using the previously used hand-pumps and duplicate water samples (100 mL)
were collected from the hand-pump discharge following the 1st and 20th strokes (1 stroke ≈1 L). Pumping continued for a total of 50 strokes at an approximate rate of 0.5 L/s.
Water samples were also collected directly from the reservoirs pre and post flush. All samples were analysed for total coliforms and E. coli.
The inlet and outlet of one of the hand-pumps (no.
21602) was capped before being boxed and transported over a period of 4 days to the US for additional experiments at Columbia University (Table 1 ). In the laboratory, flushing experiments were carried out using the same hand-pump and reservoir configuration as previously used in Bangla- 
Flushing experiment using a purposely contaminated new hand-pump
A new hand-pump was purchased from a local distributor in Bangladesh and then transported to Columbia University for laboratory experiments to investigate microbial retention in the pump under controlled conditions (Table 1 ). The handpump and reservoir configuration is shown in Figure 2 (a).
The hand-pump was attached to a reservoir containing 50 L of sterile AGW and pumped 35 times at an approximate rate of 0.5 L/s. Initial water samples (100 mL) were collected from the reservoir and hand-pump discharge (1st and 20th strokes), which showed no detectable levels of total coliforms or E. coli. The hand-pump was then purposely contaminated by flushing 35 L of AGW containing 1.5 × 10 6 MPN/100 mL E. coli (ATCC#700891) (Debartolomeis & Cabelli ) which had been grown for 24 h in LB at 37 W C. Prior to flushing, the contaminated AGW was sampled (1.5 L) from the reservoir, aliquoted into separate 50 mL centrifuge tubes and stored in the dark at room temperature. The batch survival of E. coli Each swab was then placed into 100 mL of ultrapure water and agitated for 10 min before being analysed for total coliforms and E. coli. On days 56, 61 and 63 attempts were made to disinfect the hand-pump before the pump was returned to the routine flushing cycle.
Shock chlorination
The chlorination procedure employed in this study used water, air dried, reassembled, and reattached to the reservoir. The reservoir was then pumped using the procedure described for the earlier tests and samples of pump discharge were collected following the 1st and 20th strokes.
Samples were also collected directly from the reservoir before and after pumping to measure FIB.
The new hand-pump, which had been purposely contaminated with E. coli and flushed as described previously, 
RESULTS
Flushing experiments with previously used hand-pumps
Prior to hand-pump replacement, the initial concentration of total coliforms and E. coli in water pumped from three tubewells (no. 21602, 21612 and 21613) ranged from 328 to 2,400 MPN/100 mL, and 6 to 205 MPN/100 mL, respectively. In the field laboratory in Bangladesh, flushing 50 L of filter sterilized groundwater through the previously used hand-pumps resulted in continued contamination of all samples of the discharge water with total coliforms and E. coli (Figure 3 (a) and (b)). Differences in microbial concentrations between samples collected on the 1st or 20th stroke for each pump were small in all but one case (E. coli in discharge from hand-pump no. 21612). Concentrations of total coliforms in the discharge from the hand-pumps attached to the uncontaminated reservoirs ( Figure 3 (a)) were similar to or higher than concentrations measured in the same pumps while they were attached to the tubewells. This was also the case for E. coli concentrations in pumps no. 21612 and 21613, but not for pump no. 21602, where concentrations in the discharge from the uncontaminated reservoir were approximately a factor of 20 times lower than measured when the pump was mounted on the tubewell (Figure 3(b) ). When the pumping cycle ended, FIB were also detected in the previously uncontaminated reservoir water. This was almost certainly due to backwash from the previously used pumps. For pumps no. 21602 and 21612, the E. coli concentrations in the reservoir were substantially lower than observed in pump discharge, but for pump no. 21613 the concentrations in the reservoir were slightly higher than in the pump discharge.
Hand-pump no. 21602 was sampled over a period of 46 days while attached to a reservoir of sterile water in the US laboratory. Concentrations of total coliforms in discharge from this pump fluctuated slightly, but remained relatively constant at ≈10 3 MPN/100 mL (Figure 4(a) ). The levels of total coliform contamination were only slightly lower than those concentrations observed in discharge from the flushing experiments in Bangladesh or in discharge when it was still mounted on the tubewell (Figure 3(a) ).
Concentrations of total coliforms in the reservoir (which was emptied, cleaned and refilled daily with AGW containing no indicator bacteria) reached a peak value of 28 MPN/100 mL after 8 days of flushing, and then declined to below the detection limit (<1 organism/100 mL) by 29 days.
E. coli concentrations in the pump discharge (Figure 4 (b))
were lower and more variable than total coliform concentrations. E. coli levels declined during the experiment, with the last measurable E. coli concentration occurring after 29 days of flushing. Concentrations of E. coli in the Figure 4 | Timeseries of (a) total coliforms and (b) E. coli concentrations within the pumped water discharge of the previously used hand-pump (no. 21602).
Sterile artificial groundwater (50 L) was flushed daily through the hand-pump.
Water samples were collected from the 1st (○) and 20th (□) strokes and directly from the reservoir after pumping (•). The reservoir was cleaned and refilled with sterile AGW after each sampling event. in levels of culturable E. coli, measured in the pump discharge, and subsequent recovery to levels observed prior to shock chlorination ( Figure 5 ).
DISCUSSION
Influence of hand-pumps on groundwater quality
Flushing tests carried out using both the previously used hand-pumps, which had been removed from the village tube- Our findings suggest that reservoirs of microorganisms in hand-pumps could potentially impact microbial water quality assessments in several ways: first, hand-pumped water could This could be due to contamination of pumped water by the hand-pump, recontamination of the well by the pump (which are both consistent with the findings of this study), incomplete disinfection of the well casing, or recontamination of the well by microorganisms in the aquifer. Further research is required to fully assess the factors influencing microbial contamination of hand-pumped tubewells and to determine whether shock disinfection can be a useful strategy for improving water quality.
CONCLUSIONS
Our findings suggest that hand-pumps can be reservoirs for FIB, which could distort microbial assessment of water quality. It is presently unknown whether hand-pumps could potentially also harbour waterborne pathogens, especially in field settings, but further investigation appears warranted. Our study also indicates that shock chlorination is unlikely to be effective for cleansing this component of the water supply system.
